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(57) A compact light-beam deflecting device with a 
photonic crystal (1 ) is provided, which has the capability 
of deflecting a light beam (5) incident on the photonic 
crystal by a controlled angle to output a transmitted light 
beam (B) having a desired direction from the photonic 
crystal. This light-beam deflecting device comprises the 
photonic crystal (5) designed to have a photonic band 



gap wavelength that is different from a wavelength of a 
light beam to be incident on the photonic crystal, and a 
deflection controller (4) for applying an amount of ener- 
gy to the photonic crystal to deflect the light beam (5) 
incident on a side of the photonic crystal (1 ), and to pro- 
vide a transmitted light beam (B), which forms the de- 
sired angle with respect to the light beam, from the other 
side of the photonic crystal. 
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Description 

TECHNICAL FIELD 

[0001] The present invention relates to a light-beam 
deflecting device with a photonic crystal, an optical 
switch using the same, and a method of deflecting a light 
beam with a controlled angle by use of the photonic crys- 
tal. 

BACKGROUND ART 

[0002] Photonic crystal is of a multi-dimensional peri- 
odic structure obtained by periodically arranging at least 
two materials having different dielectric constants at an 
interval substantially equal to a wavelength of light. In 
the expectation that the photonic crystal would remark- 
ably enhance the control of light, it is being vigorously 
developed as optical devices of the next generation. 
[0003] For example, an optical switch with a photonic 
crystal V having a two-dimensional periodic structure is 
disclosed in Japanese Patent Early Publication [kokai] 
No. 10-90634. As shown in FIG. 17, this optical switch 
is for switching between the ON position (transmission) 
where a light beam incident on the photonic crystal ^in- 
cident light beam) is allowed to pass through the phot- 
onic crystal, and the OFF position (reflection) wherein 
the incident light beam is reflected from the photonic 
crystal to prevent the transmission of the incident light 
beam. 

[0004] That is, light beams provided from a pair of op- 
tical fibers 12a, 12b are incident on the photonic crystal 
1* through collimator lenses 14a, 14b and polarizers 
15a, 15b. The optical switch comprises a means for ir- 
radiating a control light 21 to the photonic crystal 1' 
through a circular polarizer 22. The irradiation of the 
control light 21 causes a change in a photonic band gap 
(PGB) structure of the photonic crystal 1\ so that it be- 
comes possible to switch between the ON and OFF po- 
sitions. In the ON position, the transmitted light beam 
passing through the photonic crystal 1 1 is output through 
a pair of polarizers 16a, 16b. 

[0005] However, since the purpose of the above opti- 
cal switch is to switch between the ON position for al- 
lowing the incident light beam to pass through the pho- 
tonic crystal and the OFF position for reflecting the inci- 
dent light beam from the photonic crystal, Ihis optical 
switch merely provides the presence or absence of the 
transmitted light beam as the output. This becomes to 
narrow application areas of the optical switch. 
[0006] On the other hand, if a direction of the trans- 
mitted light beam provided from the photonic crystal can 
be controlled by deflecting the light beam incident on the 
photonic crystal, it is expected to provide a new optical 
switch using the photonic crystal, which comprises an 
optical input terminal for receiving the light beam inci- 
dent on the photonic crystal and plural optical output ter- 
minals each having the capability of providing the trans- 



mitted light beam from the photonic crystal. That is, ac- 
cording to such a new optical switch, since the transmit- 
ted light beam can be provided from a desired one of 
the optical output terminals by controlling the deflection 
5 of the incident light beam, this kind of optical switch will 
find widespread application. 

[0007] Therefore, a primary concern of the present in- 
vention is to provide a compact light-beam deflecting de- 
vice with a photonic crystal, which has the capability of 
10 deflecting a light beam incident on a side of the photonic 
crystal by a controlled angle to output a transmitted light 
beam having a desired direction from the other side of 
the photonic crystal. 

[0008] That is, this light-beam deflecting device com- 
15 prises a photonic crystal designed to have a photonic 
band gap wavelength that is different from a wavelength 
of a light beam to be incident on the photonic crystal, 
and a deflection controller for applying an amount of en- 
ergy to the photonic crystal to deflect the light beam in- 
20 cident on an incident side of the photonic crystal, and 
provide the transmitted light beam, which forms a de- 
sired angle with respect to the light beam, from a side 
other than the incident side of the photonic crystal. 
[0009] It is preferred that the photon ic crystal compris- 
es es at least two materials having different refractive in- 
dexes, and the deflection controller controls a ratio of 
refractive index between those materials by applying the 
energy to the photonic crystal. 

[0010] When at least one of the materials of the pho- 
30 tonic crystal is an electro-optic material, it is preferred 
that the deflection controller applies an electric field to 
the photonic crystal as the energy. In this case, no me- 
chanical external force is applied to the photonic crystal 
as the energy. Therefore, the light-beam deflecting de- 
35 vice is allowed to stably operate for an extended time 
period with a high degree of reliability. In addition, since 
the deflection controller electrically controls electric field 
strength applied to the photonic crystal to change the 
deflection angle of the incident light beam, it is possible 
40 to provide the compact light-beam deflection device 
having a quick responsivity. 

[0011] Another concern of the present invention is to 
provide a new optical switch using the above-described 
light-beam deflection device, which presents advantag- 
es es of preventing cross talk of optical signals and ensur- 
ing a high transmitting efficiency. 
[0012] That is, this optical switch comprises the light- 
beam deflection device of the present invention, an op- 
tical input terminal provided at the incident side of the 
50 photonic crystal, through which the photonic crystal re- 
ceives the light-beam (^incident light beam); and a plu- 
rality of optical output terminals provided at the side oth- 
er than the incident side of the photonic crystal, from 
which said transmitted light beam is selectively output. 
55 [0013] More specifically, the new optical switch of the 
present invention comprises the above light-beam de- 
flecting device, an optical input terminal provided at the 
incident side of the photonic crystal, through which the 
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photonic crystal receives the incident light beam; and at 
leasttwo optical output terminals. The optical outputter- 
minals includes a first optical output terminal provided 
at a side other than the incident side of the photonic crys- 
tal to output a first transmitted light beam passing 5 
through the photonic crystal, and a second optical out- 
put terminal provided at a side other than the incident 
side of the photonic crystal to output a second transmit- 
ted light beam, which forms a desired angle with respect 
to the incident light beam, and has a different direction 10 
from the first transmitted light beam. 
[001 4] A further concern of the present invention is to 
provide a method of deflecting a light beam incident on 
a side of the photonic crystal by a controlled angle to 
output a transmitted light beam having a desired direc- 15 
tion from the other side of the photonic crystal. 
[0015] That is, this method comprises the steps of 
providing a light beam having a wavelength other than 
a photonic band gap wavelength of the photonic crystal 
on a side of the photonic crystal, and deflecting the light so 
beam incident on the side of the photonic crystal by ap- 
plying an amount of energy to the photonic crystal to 
provide a transmitted light beam, which forms a desired 
angle with respect to the light beam, from the other side 
of the photonic crystal. 25 
[0016] These and still other objects and advantages 
of the present invention will become more apparent from 
preferred embodiments of the present invention ex- 
plained in detail below, referring to the attached draw- 
ings. 30 
[0017] The present disclosure relates to subject mat- 
ter contained in Japanese Patent application No. 
2001 -82863, filed on March 22, 2001 , the disclosure of 
which is expressly incorporated herein by reference in 
its entirety. 35 

BRIEF DESCRIPTION OF THE DRAWINGS 



[0018] 



40 



FIGS. 1 A and 1 B are schematic cross-sectional and 
perspective views of a light-beam deflecting device 
according to a preferred embodiment of the present 
invention; 

FIGS. 2A to 2E are perspective views illustrating 
structures of photonic crystals that can be used in 
the light-beam deflecting device of the present in- 
vention; 

FIGS. 3A and 3B are perspective views illustrating 
optical paths in the photonic crystal of FIG. 2C; so 
FIGS. 4A and 4B are perspective views illustrating 
optical paths in the photonic crystal of FIG. 2E; 
FIG. 5 is a schematic perspective view of the light- 
beam deflecting device using ultrasonic waves ac- 
cording to another preferred embodiment of the 55 
present invention; 

FIGS. 6A and 6B are schematic perspective views 
showing operations of the light-beam deflecting de- 



vice with an external-force applying unit of the 
present invention; 

FIG. 7 is a schematic cross-sectional view of the 
light-beam deflecting device using a piezoelectric 
material according to another preferred embodi- 
ment of the present invention; 
FIG. 8 is a schematic cross-sectional view illustrat- 
ing a modification of the light-beam deflecting de- 
vice of FIG. 7; 

FIG. 9 is a schematic perspective view of the light- 
beam deflecting device using electromagnets ac- 
cording to another preferred embodiment of the 
present invention; 

FIG. 10 is a schematic cross-sectional view of the 
light-beam deflecting device using a heater accord- 
ing to another preferred embodiment of the present 
invention; 

FIG. 11 is a schematic cross-sectional view of the 
light-beam deflecting device using an external- 
force applying unit according to another preferred 
embodiment of the present invention; 
FIG. 1 2 is a schematic perspective view of the light- 
beam deflecting device using a carrier injection unit 
according to another preferred embodiment of the 
present invention; 

FIG. 1 3 is a schematic perspective view of the light- 
beam deflecting device using a light- irradiating unit 
according to another preferred embodiment of the 
present invention; 

FIG. 14 is a schematic perspective view of a pre- 
ferred structure of the photonic crystal for the light- 
beam deflecting device of the present invention; 
FIGS. 15A to 15C are cross-sectional views show- 
ing operations of an optical switch using the light- 
beam deflecting device of the present invention; 
FIG. 1 6 is a plan view of a matrix-type optical switch 
using the light-beam deflecting device of the 
present invention; and 

FIG. 17 is a schematic perspective view illustrating 
a conventional optical switch using a photonic crys- 
tal. 

PREFERRED EMBODIMENTS OF THE INVENTION 

[0019] Light-beam deflecting devices and optical 
switches using the same of the present invention are 
explained in detail according to the following preferred 
embodiments. 

[0020] The light-beam deflecting device of the present 
invention, for example, as shown in FIGS. 1 A and 1 B, 
comprises a photonic crystal 1 designed to have a pho- 
tonic band gap wavelength that is different from a wave- 
length of a light beam to be incident on the photonic crys- 
tal, and a deflection controller 4 for applying an amount 
of energy to the photonic crystal to deflect a light beam 
5 incident on an incident side of the photonic crystal, 
and provide the transmitted light beam, which forms a 
desired angle with respect to the light beam, from a side 
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other than the incident side of the photonic crystal. 
[0021] The photonic crystal 1 used in the present in- 
vention is of a multi-dimensional periodic structure ob- 
tained by periodically arranging at least two materials 
having different dielectric constants at an interval sub- 
stantially equal to a wavelength of light. Alternatively the 
photonic crystal 1 is of an artificial periodic or quasi-pe- 
riodic structure formed with at least two materials having 
different refractive indexes, which are periodically ar- 
ranged at an interval substantially equal to a half of the 
wavelength of a light beam to be incident on the photonic 
crystal. The thus formed photonic crystal has a photonic 
band gap structure, by which an angle of a transmitted 
light beam passing through the photonic crystal with re- 
spect to the light beam incident on the photonic crystal 
is determined. 

[0022] In the light-beam deflecting device of the 
present invention, for example, a photonic crystal 1 
shown in FIG. 2A can be used, which is of a 2-dimen- 
sional periodicstructureobtained by periodically arrang- 
ing cylindrical bodies 1d of a first material at a required 
interval. In this case, a second material having a differ- 
ent dielectric constant from the first material is filled in 
spaces between adjacent cylindrical bodies 1d. Air may 
be used as the second material. Alternatively, a photonic 
crystal 1 shown in FIG. 2B may be used, which is sub- 
stantially the same as the structure of FIG. 2A except 
that the first and second materials are made of the air 
and a solid material, respectively. That is, the photonic 
crystal 1 of FIG. 2B is composed of a rectangular solid 
of the second material and cylindrical air spaces 1e pe- 
riodically formed at the required interval in the rectan- 
gular solid. 

[0023] In addition, a photonic crystal 1 shown in FIG. 
2C can be used, which is of a 3-dimensional periodic 
structure obtained by periodically arranging fine spher- 
ical bodies 1c of a first material at a required interval. 
This structure is also named as an artificial OPAL struc- 
ture. In this case, a second material having a different 
dielectric constant from the first material is filled in spac- 
es between adjacent spherical bodies 1c. Air may be 
used as the second material. Alternatively, a photonic 
crystal 1 shown in FIG. 2D may be used, which is sub- 
stantially the same as the structure of FIG. 2C except 
that the first and second materials are made of the air 
and a solid material, respectively. That is, the photonic 
crystal 1 of FIG. 2D is composed of a cube of the second 
material and spherical air spaces 1 h periodically formed 
at the required interval in the cube. This structure is also 
named as an inverse OPAL structure. 
[0024] In addition, a photonic crystal 1 shown in FIG. 
2E can be used, which is of an artificial laminate struc- 
ture comprising a substrate 10 (e.g., silicon) having a 
honeycomb surface, in which hexagonal concaves (not 
shown) are periodically formed at a required interval, 
and a required number of thin films laminated on the 
honeycomb surface. Each of the thin films is composed 
of a bottom layer 1a of a first material (e.g., amorphous 



Si) and a top layer 1b of a second material (e.g., SiO z ). 
Thus, since a 2-dimensiona! periodic structure of the 
hexagonal concaves is formed in the honeycomb sur- 
face of the substrate 10, and a periodic structure of the 

5 alternative arrangement of the bottom and top layers 1 a, 
1b is formed in a height direction of the substrate, these 
provide a 3-dimensional periodic structure as a whole. 
[0025] The photonic crystal 1 for the light-beam de- 
flecting device of the present invention is not limited to 

10 the photonic crystals described above. Conventional 
photonic crystals having another structures or photonic 
crystals having new structures may be usedforthe light- 
beam deflecting device of the present invention. 
[0026] In the present invention, the photonic crystal 1 

15 for the light-beam deflecting device is designed such 
that a wavelength of a light beam (=incident light beam 
5) to be incident on the photonic crystal is different from 
a photonic band gap wavelength of the photonic crystal. 
Therefore, when the wavelength of the incident light 

20 beam is determined in advance, the structure and the 
materials of the photonic crystal are designed such that 
the wavelength of photonic band gap is different from 
the wavelength of the incident light beam. On the con- 
trary, when the structure and the materials of the phot- 

25 onic crystal are determined in advance, a light beam 
having a wavelength different from the photonic band 
gap wavelength of the photonic crystal is used as the 
incident light beam. Even when a light beam having the 
photonic band gap wavelength is incident on a surface 

30 (incident surface) of the photonic crystal, no transmit- 
ted light beam can be obtained from the other surface 
of the photonic crystal. In other words, the incident light 
beam having the wavelength substantially equal to the 
photonic band gap wavelength reflects from the incident 

35 surface, but can not pass through the photonic crystal. 
Therefore, only when the light beam having a wave- 
length different from the photonic band gap wavelength 
is incident on the photonic crystal, it is possible to output 
the transmitted light beam from the photonic crystal. 

40 [0027] By the way, as an optical property peculiar to 
the photonic crystal, it is well known that when the wave- 
length of a light beam to be incident on the photonic crys- 
tal changes by only 1%, the deflection angle of the light 
beam incident on the photonic crystal largely increases 

45 by about 50 degrees. This phenomenon was found in 
the year 1999, and named as the super prism effect. 
That is, this phenomenon originates from a largechange 
in the shape of a photonic dispersion surface caused by 
a small change in wavelength of the incident light beam. 

50 When the wavelength of incident light beam changes by 
1%, the incident light beam passes a different photonic 
dispersion surface, so that a large deflection angle of 
the incident light beam is obtained. However, when us- 
ing the photonic crystal for optical devices such as op- 

55 tical switch, it is required to provide an output light beam 
^transmitted light beam) by deflecting the incident light 
beam having a specific wavelength at a desired angle. 
The present invention addresses this requirement by 
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using the deflection controller 4 explained in detail be- 
low. 

[0028] As described above, the present invention is 
built on premises that by providing an incident light 
beam having a wavelength other than the photonic band 
gap wavelength on the photonic crystal, the incident 
light beam is allowed to pass through the photonic crys- 
tal without being reflected therefrom. On this precondi- 
tion, the present invention is characterized by deflecting 
the incident light beam incident on a side of the photonic 
crystal by applying an amount of energy to the photonic 
crystal to provide a transmitted light beam, which forms 
a desired angle with respect to the light beam, from the 
other side of the photonic crystal. 
[0029] Preferred embodiments of the deflection con- 
troller of the present invention are explained in detail be- 
low. 

[0030] The deflection controller 4 can change a pho- 
tonic band structure of the photonic crystal 1 by applying 
the amount of energy to the photonic crystal to cause a 
change in an optical path (or deflection angle) of the light 
beam incident on the photonic crystal. When an incident 
light beam having a specific wavelength is provided on 
a side of the photonic crystal 1 without the deflection 
controller 4 being not operated, the incident light beam 
5 propagates along the optical path A shown by the solid 
line in FIGS. 3A and 4A, so that the transmitted light 
beam is output from a first position on the other side of 
the photonic crystal. In this case, the incident light beam 
5 does not propagate along the optical path B shown by 
the dotted line. Next, when the deflection controller 4 is 
operated to change the photonic band gap structure of 
the photonic crystal 1 , the incident light beam 5 propa- 
gates along the optical path B shown by the solid line in 
FIGS. 3B and 4B, so that the transmitted light beam is 
output from a second position on the other side of the 
photonic crystal 1. In this case, the incident light beam 
5 does not propagate along the optical path A shown by 
the dotted line. 

[0031] In other words, when a wavelength of the light 
beam passing through the photonic crystal 1 has a spec- 
ified wavelength, the light beam travels in a direction of 
potential gradient of the photonic dispersion surface. 
Therefore, when a period of the periodic structure of the 
photonic crystal or a ratio of refractive index between 
the materials that make up the photonic crystal 1 is 
changed by the deflection controller 4, the photonic dis- 
persion surface is changed, so that the light beam pass- 
ing through the photonic crystal can be deflected. 
[0032] When the photonic crystal 1 comprises at least 
two materials having different refractive indexes, it is 
preferred that the deflection controller 4 controls the ra- 
tio of refractive index between those materials by apply- 
ing the energy to the photonic crystal 1 to provide the 
transmitted light beam, which forms a desired angle with 
respect to the incident light beam, from the photonic 
crystal. In addition, when at least one of the materials is 
an electro-optic material, it is preferred that the deflec- 



tion controller 4 applies an electric field (including the 
electric field caused by light) to the photonic crystal 1 as 
the energy. 

[0033] For example, as shown in FIGS. 1A and 1B, 

5 the deflection controller 4 comprises a pair of planar 
electrodes 50 disposed at opposite sides of the photonic 
crystal 1 , power source (not shown) for supplying a volt- 
age between the electrodes, and a voltage controller 
(not shown). In FIG. 1A, the numeral 41 designates a 

10 supporting memberforsupporting the electrodes 50 and 
the photonic crystal 1 . It is preferred that the supporting 
member 41 and the electrodes 50 are made of a material 
that is optically transparent to the incident light beam 5. 
[0034] As the electro-optic material for the photonic 

15 crystal, it is possible to use a material having a nonlinear 
optical effect such as a Pockels effect that the refractive 
index changes in proportion to electric field strength, or 
an optical Kerr effect (third-order nonlinear optical ef- 
fect) that the refractive index changes in proportion to 

20 the square of electric field strength. In the present em- 
bodiment, it is preferred to use the material having a 
Pockels coefficient of 1 x 10- 12 ~1000 x 10" 12 m/V. For 
example, the electro-optic material comprises KH 2 P0 4 , 
KDS 2 P0 4 , NH 4 H 2 P0 4: RbH 2 P0 4 , CsDjjAsC^ (DCDA), 

25 BaTi0 3 , Ba Vx Sr x Ti0 3 , LiNb0 3 , KNb0 3 , KTiOP0 4 (KTP), 
KTiOAs0 4 (KTA) : Pb x La 1 . x (n y 2r 1 . y )0 3 (PLZT), and so 
on. 

[0035] According to the above-described deflection 
controller 4, when a required voltage is applied between 

so the electrodes 50, an electric field is applied to the pho- 
tonic crystal 1 . The applied electric field changes the ra- 
tio of refractive index between the materials that make 
up the photonic crystal so that a change in the photonic 
band gap structure of the photonic crystal is caused. The 

35 deflection controller 4 of the present embodiment can 
change the ratio of refractive index by a magnitude of 
0.1 to about 1%. 

[0036] As described above, the deflection controller 4 
of the present invention can control the electric field to 

40 be applied to the photonic crystal 1 to change the ratio 
of refractive index of the photonic crystal. This change 
in the ratio of refractive index brings a change in the pho- 
tonic dispersion surface, so that the control of the de- 
flection angle of the incident light beam 5 becomes pos- 

45 sible. Thus, since the deflection angle is controlled by 
adjusting the voltage applied between the electrodes 
50, it is possible to realize a higher response speed of 
the light-beam deflecting device. In addition, since the 
deflection controller 4 of the present embodiment does 

so not apply a mechanical external force to the photonic 
crystal 1 , there is an advantage that the reliability in op- 
erations of the light-beam deflecting device is easily 
maintained for an extended time period. 
[0037] As another preferred embodiment of the de- 

55 flection controller 4 of the present invention, when at 
least one of the materials that make up the photonic 
crystal 1 is an acousto-optic material, it is preferred that 
the deflection controller applies ultrasonic waves to the 
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photonic crystal as the energy. 

[0038] As shown in FIG. 5, this deflection controller 4 
has an ultrasonic-wave applying unit 52 for applying the 
ultrasonic waves to the photonic crystal 1 . For example, 
the ultrasonic-wave applying unit 52 comprises a trans- 
ducer using an ultrasonic oscillator (e.g., piezoelectric 
element), and a power source (not shown) for supplying 
electric power to the transducer. The acousto-optic ma- 
terial can be selected from materials such as HgS, 
"n 3 AsS 4 , Ge, Te, ZnTe, PbgGeaO^, and so on, accord- 
ing to the wavelength of the light beam to be incident on 
the photonic crystal. The deflection controller 4 of the 
present embodiment can change the ratio of refractive 
index of the photonic crystal by a magnitude of 0.1 to 
about 1%. 

[0039] According to the deflection controller 4 de- 
scribed above, a periodic change in refractive index of 
the photonic crystal 1 is induced by the ultrasonic waves 
applied thereto, so that light is diffracted by the Brillouin 
scattering of photons by phonons. That is, the ratio of 
refractive index of the photonic crystal is changed by the 
application of the ultrasonic waves, so that a change in 
the photonic band structure is caused. Since the deflec- 
tion angle of the light beam incident on the photonic 
crystal 1 is controlled by adjusting a frequency of the 
ultrasonic waves, it is possible to provide the light-beam 
deflecting device having a responsivity up to a relatively 
high frequency. In addition, since the deflection control- 
ler 4 of the present embodiment does not apply a me- 
chanical external force to the photonic crystal 1, there 
is an advantage that the reliability in operations of the 
light-beam deflecting device is easily maintained for an 
extended time period. 

[0040] As another preferred embodiment of the de- 
flection controller 4 of the present invention, the deflec- 
tion controller may comprise an external-force applying 
unit for applying an external force as the energy to the 
photonic crystal 1 to cause changes in dimension of the 
photonic crystal. For example, the external -force apply- 
ing unit comprises a piezoelectric material disposed ad- 
jacent to the photonic crystal. In this case, since the di- 
mensions of the photonic crystal 1 can be directly and 
uniformly changed by use of the piezoelectric material, 
it is possible to improve the reliability in operations of 
the light-beam deflecting device. 
[0041] For example, as shown in FIG. 6A, when the 
deflection controller 4 of this embodiment is not operat- 
ed, the photonic crystal 1 has the dimensions H1, H2. 
At this time, a light beam 5 incident on a side of the pho- 
tonic crystal propagates along an optical path A in the 
photonic crystal 1 , so that a transmitted light beam is 
output from a first position on the other side of the pho- 
tonic crystal. On the other hand, as shown in FIG. 6B, 
when the deflection controller 4 is operated, the dimen- 
sions H1, H2 of the photonic crystal 1 change to HT 
(>H1) and H2'(>H2), respectively. These changes in di- 
mensions of the photonic crystal 1 bring a change in the 
photonic band structure, so that a change in the ratio of 



refractive index between the materials that make up the 
photonic crystal is caused. Therefore, the light beam 5 
incident on the side of the photonic crystal propagates 
along an optical path B in the photonic crystal 1 , the 

5 transmitted lighfbeam is output from a second position 
on the other side of the photonic crystal. 
[0042] For example, as shown in FIG. 7, the deflection 
controller 4 of the present embodiment comprises a pi- 
ezoelectric material 42 provided at one side of the pho- 

10 tonic crystal, a pair of electrodes 43a, 43b disposed on 
opposite surfaces of the piezoelectric material, power 
source (not shown) for applying a voltage between the 
electrodes, and a voltage controller (not shown). The 
electrode 43a is put between the piezoelectric material 

15 42 and the photonic crystal 1 . In FIG. 7, the numeral 41 
designates a supporting member for incorporating the 
piezoelectric material and the photonic crystal therein. 
It is preferred that the piezoelectric material 42, elec- 
trodes 43a, 43b and the supporting member 41 are 

20 made of a material that is optically transparent to the 
incident light beam 5. 

[0043] As the piezoelectric material, for example, it is 
possible to use PZT ceramics such as Pb(Zr 0 52 , Ti 0 43) 
0 3 . It is preferred that the PZT ceramics has a piezoe- 

25 lectric constant of — 400x1 0- 12 to 1 000x1 0' 12 m/V. As 
an example, when a PZT ceramic plate having the thick- 
ness of 1 0 mm is used as the piezoelectric material, and 
a voltage is applied between the electrodes 43a, 43b to 
apply an electric field of 1 000 V/mm to the piezoelectric 

30 material, the thickness dimension of the piezoelectric 
material 42 changes by about 5 pm. At this time, when 
a thickness of the photonic crystal 1 is 5 mm, the thick- 
ness dimension (H) of the photonic crystal changes by 
about 0.1 %. This is sufficient to change the period of the 

35 photonic crystal. 

[0044] In the deflection controller 4 described above, 
the dimensions of the photonic crystal 1 (= a period of 
the photonic crystal 1) can be changed by expansion 
and contraction in the thickness direction of the piezoe- 

40 lectric material 42. An amount of the expansion and con- 
traction of the piezoelectric material can be controlled 
by the voltage controller. That is, when a light beam 5 
having a required wavelength is incident on the photonic 
crystal 1 under a condition that the voltage is not applied 

45 between the electrodes 43a, 43b, the light beam passes 
through the photonic crystal along a first optical path 
shown by the solid arrow A in FIG. 7. On the other hand, 
when the voltage is applied between the electrodes 
(43a, 43b), the piezoelectric material gives a compres- 

so sion stress to the photonic crystal 1 , as shown by the 
arrows C in FIG. 7, to change the photonic band struc- 
ture. As a result, the light beam 5 incident on the phot- 
onic crystal 1 is deflected to pass through the photonic 
crystal along a second optical path shown by the dotted 

55 arrow B in FIG. 7. 

[0045] In other words, when the light beam incident 
on the photonic crystal has the specified wavelength, it 
propagates through the photonic crystal along a direc- 
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tion of potential gradient of an energy dispersion sur- 
face, which is an equal-energy surface of bands in the 
wave number space of the photonic crystal. That is, the 
light propagating through the photonic crystal travels 
across the energy dispersion surface. In the present em- 
bodiment, the period of the photonic crystal is changed 
by changes in dimension of the photonic crystal, so that 
the energy dispersion surface changes (=expands and 
contracts) to deflect the light beam 5 incident on the pho- 
tonic crystal. 

[0046] Thus, according to the deflection controller 4 
of the present embodiment, the deflection angle of the 
light beam 5 incident on the photonic crystal 1 can be 
controlled by adjusting amounts of changes in dimen- 
sion of the photonic crystal. In addition, when the piezo- 
electric material 42 is activated, the period of the phot- 
onic crystal can be changed at high speed. This pro- 
vides the light-beam deflection device having a quick re- 
sponsivity. Moreover, since conventional piezoelectric 
elements are available to the deflection controller, there 
is an advantage of improving the cost/performance of 
the light-beam deflection device. 

[0047] A modification of the above deflection control- 
ler using the piezoelectric material of the present inven- 
tion is introduced below. 

[0048] The deflection controller 4 of this modification 
comprises a substrate 47 of a piezoelectric material hav- 
ing a top surface, on which the photonic crystal 1 is 
placed, and a pair of electrodes 48a, 48b disposed at 
opposite sides of the substrate, as shown in FIG. 8. In 
this case, changes in dimension of the photonic crystal 
1 are provided by expansion and contraction caused in 
the thickness direction of the piezoelectric substrate 47. 
In comparison with a case that the piezoelectric element 
is separately provided from the substrate 47 for support- 
ing the photonic crystal 1 , the deflection controller 4 of 
this embodiment has a simplified structure and exhibits 
excellent cost/performance. It is preferred that the sub- 
strate 47 and the electrodes 48a, 48b are made of a 
material that is optically transparent to the incident light 
beam 5. 

[0049] As an example, when a PZT ceramic substrate 
47 having a square shape (5mm x 5mm) is used, and 
an electric field of 2000 V/mm is applied to the PZT ce- 
ramic substrate 47 through the electrodes 48a, 48b, the 
thickness dimension of the PZT ceramic substrate 47 
changes by about 5 urn. At this time, the dimension of 
the photonic crystal changes by about 0. 1 %. This is suf- 
ficient to change the period of the photonic crystal. The 
deflection controller 4 of this modification can be oper- 
ated in a similar manner to the deflection controller of 
FIG. 7. 

[0050] As another preferred embodiment of the exter- 
nal-force applying unit of the present invention, it is pre- 
ferred that the external-force applying unit comprises a 
pair of electromagnets disposed at opposites sides of 
the photonic crystal. In this case, a mechanical stress 
can be applied to the photonic crystal by an attraction 



force generated between the electromagnets. 
[0051] For example, the deflection controller 4 of the 
present embodiment comprises the pair of electromag- 
nets 46a, 46b disposed at the opposite sides of the pho- 

5 tonic crystal 1 , power source (not shown) for supplying 
electric current to coils for the electromagnets, and a 
current controller (not shown), as shown in FIG. 9. In 
this case, changes in dimension of the photonic crystal 
are caused by the attraction force generated by ener- 

10 gizing the electromagnets. Therefore, the deflection an- 
gle of the light beam 5 incident on the photonic crystal 
can be controlled by adjusting a magnitude of the attrac- 
tion force. 

[0052] According to the deflection controller 4 de- 

15 scribed above, since a distance between the electro- 
magnets 46a, 46b is decreased by energizing the elec- 
tromagnets, the photonic crystal receives a compres- 
sion stress. This compression stress causes changes in 
dimension of the photonic crystal 1, so that the period 

20 of the photonic crystal changes. That is, when a light 
beam 5 having a required wavelength is incident on the 
photonic crystal 1 under a condition that the electromag- 
nets 46a, 46b are not energized, the light beam passes 
through the photonic crystal along a first optical path 

25 shown by the solid arrow A in FIG. 9. On the other hand, 
when the electromagnets 46a, 46b are energized, the 
electromagnets give the compression stress to the pho- 
tonic crystal 1 . As a result, the light beam 5 incident on 
the photonic crystal is deflected to pass through the pho- 

30 tonic crystal along a second optical path shown by the 
dotted arrow B in FIG. 9. 

[0053] Thus, in the present embodiment, changes in 
dimension of the photonic crystal are controlled by ad- 
justing an amount of electric current supplied to the elec- 

35 tromagnets to obtain a desired deflection angle of the 
light beam incident on the photonic crystal. Therefore, 
it is possible to realize a compact light-beam deflection 
device having a quick responsivity. 
[0054] As another preferred embodiment of the de- 

40 flection controller of the present invention , it is preferred 
that the deflection controller comprises a heater for 
heating the photonic crystal, and a heater controller for 
controlling a temperature of the photonic crystal to gen- 
erate a thermal stress in the photonic crystal. 

45 [0055] For example, as shown in FIG. 1 0, the deflec- 
tion controller 4 comprises a pair of heaters 49 disposed 
at opposite sides of the photonic crystal 1 , power source 
(not shown) for supplying electric current to these heat- 
er, and a current controller (not shown). It is preferred 

so that the heaters 49 are made of a material that is opti- 
cally transparent to the incident light beam 5. 
[0056] In this embodiment, it is preferred that two ma- 
terials that make up the photonic crystal 1 have relatively 
large thermal-expansion coefficients. For example, the 

55 two materials may be polyethylene (thermal expansion 
coefficient: 1 00 x 1 0" 6 ~-200 x 1 0' 6 /K) and an acrylic 
(thermal expansion coefficient: about 80 x 10~ 6 /K). In 
this case, a thermal expansion of the photonic crystal is 
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caused by energizing the heaters 49, so that changes 
in dimension of the photonic crystal are obtained. There- 
fore, the deflection angle of the incident light beam 5 in 
the photonic crystal 1 can be controlled by adjusting an 
amount of electric current supplied to the heaters 49. 5 
Thus, in the present embodiment, the dimension of the 
photonic crystal can be directly changed by the thermal 
expansion of the photonic crystal itself in place of apply- 
ing a mechanical force to the photonic crystal from out- 
side. 10 
[0057] As an example, when it is required to change 
the dimension of the photonic crystal by 0.1% to about 
1% to deflect the light beam incident on the photonic 
crystal, it is preferred to increase the temperature of the 
photonic crystal by 1 2.5 to 1 25 K with use of the heaters « 
49. As a result, a resulting thermal expansion of the pho- 
tonic crystal can sufficiently change the photonic band 
structure thereof. 

[0058] Alternatively, the deflection controller may 
comprise an external-force applying member of a ma- 20 
terial having a high thermal expansion coefficient, which 
is disposed to make contact with the photonic crystal, 
heater for heating the external-force applying member, 
power source for supplying electric current to the heater, 
and a current controller. In this case, the volume of the 25 
external-force applying member is increased by the 
thermal expansion of the heated external-force applying 
member, so that changes in dimension of the photonic 
crystal are caused. Therefore, the deflection angle of the 
light beam incident on the photonic crystal can be con- 30 
trolled by adjusting the heating temperature for the ex- 
ternal-force applying member. 

[0059] As another preferred embodiment of the de- 
flection controller 4 of the present invention, an external- 
force applying unit shown in FIG. 1 1 may be used. That 35 
is, this external-force applying unit comprises a pres- 
sure board 44 disposed to abut against the photonic 
crystal 1 , drive means 45 for moving the pressure board 
toward the photonic crystal to provide a compression 
stress to the photonic crystal, and a supporting member 40 
41 for incorporating the photonic crystal 1 , the pressure 
board 44 and the drive means 45 therein. In this case, 
changes in dimension of the photonic crystal 1 are 
caused by the movement of the pressure board 44 to- 
ward the photonic crystal. As the drive means 45, con- 
ventional pressure means such as pistons controlled by 
air pressure, hydraulic pressure, or oil hydraulic pres- 
sure can be used. It is preferred that the pressure board 
44, the drive- unit 45, and the supporting member 41 are 
made of a material that is optically transparent to the 50 
incident light beam 5. 

[0060] In the deflection controller 4 described above, 
when a light beam 5 having a specified wavelength is 
incident on the photonic crystal 1 under a condition that 
the drive means 45 is not operated, the light beam pass- 55 
es through the photonic crystal along a first optical path 
shown by the solid arrow A in FIG. 11. On the other 
hand, when the drive means 45 is operated, the pres- 
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sure board 44 gives a compression stress to the phot- 
onic crystal 1, as shown by the arrows C in FIG. 11 , to 
change the photonic band structure thereof. As a result, 
the light beam 5 incident on the photonic crystal is de- 
flected to pass through the photonic crystal along a sec- 
ond optical path shown by the dotted arrow B in FIG. 
11 . Therefore, the deflection angle of the light beam in- 
cident on the photonic crystal can be controlled by ad- 
justing a travel amount of the pressure board 44, or a 
magnitude of pressure applied to the photonic crystal 1 
through the pressure board 44. 

[0061] As another preferred embodiment of the de- 
flection controller of the present invention, when the 
photonic crystal contains a semiconductor material such 
as Si and GaAs, it is preferred that the deflection con- 
troller injects carriers into the photonic crystal to change 
a refractive index of the photonic crystal. 
[0062] For example, as shown in FIG. 12, this deflec- 
tion controller 4 comprises an electric circuit 60 for in- 
jecting carriers such as electrons into the photonic crys- 
tal 1 . In this case, the photonic band structure of the pho- 
tonic crystal is changed in response to the injection 
amounts of the carriers into the photonic crystal. There- 
fore, the deflection angle of the light beam 5 incident on 
the photonic crystal can be controlled by adjusting the 
amount of electric current flowing through the electric 
circuit 60, i.e., the injection amounts of the carriers into 
the photonic crystal 1 . 

[0063] In this embodiment, since popular elements for 
integrated circuits such as Si or Ge are used as the ma- 
terials that make up the photonic crystal, there are ad- 
vantages that existing semiconductor manufacturing 
lines can be used to produce the light-beam deflecting 
device with the photonic crystal, and also integration be- 
comes easier. In addition, it becomes possible to pro- 
vide the light-beam deflecting device having a switching 
speed on the order of nano- or pico- second. 
[0064] As another preferred embodiment of the de- 
flection controller of the present invention, when the 
photonic crystal comprises a light-refractive material, it 
is preferxed that the deflection controller irradiates light 
to the photonic crystal to change a refractive index of 
the photonic crystal. 

[0065] For example, as shown in FIG. 13, this deflec- 
tion controller 4 comprises an irradiation unit (not 
shown) for irradiating light to the photonic crystal 1 . In 
this case, the photonic band structure of the photonic 
crystal is changed in response to an amount of the light 
irradiated to the photonic crystal. Therefore, the deflec- 
tion angle of the light beam 5 incident on the photonic 
crystal can be controlled by adjusting the light amount 
irradiated. The light may be irradiated to the photonic 
crystal 1 from above or side. Alternatively, the light may 
be irradiated to the photonic crystal through a wave 
guide 62 disposed adjacent to the photonic crystal, as 
shown by the arrow C in FIG. 13. 
[0066] In the present embodiment, there is an advan- 
tage that the light-beam deflecting device having a 
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switching speed on the order of nano- or pico- second 
can be realized. In addition, the light-beam deflecting 
device having the deflection controller 4 of this embod- 
iment is adaptable to the All-optical Packet Switching 
Network. 5 
[0067] With respect to each of the deflection controller 
described above, as shown in FIG. 14, it is preferred 
that the photonic crystal 1 is shaped to provide at least 
two optical paths (A, B) therein, which have substantial- 
ly a same linear distance between an incident position 10 
where the light beam 5 is incident and a projecting po- 
sition where the transmitted light beam is output. Since 
each of the optical paths (A, B) has a constant length, 
it is possible to prevent the phase shift. In FIG. 14, a 
corner portion of the rectangular photonic crystal 1 is is 
removed such that two optical paths shown by the ar- 
rows (A, B) have a constant length. As the deflection 
controller 4, the irradiation unit (not shown) may irradiate 
light to the photonic crystal 1 through the wave guide 
62, as shown by the arrow C in FIG. 14. 20 
[0068] It is particularly preferred to apply the light- 
beam deflecting device of the present invention to an 
optical switch. That is, this optical switch comprises the 
light-beam deflecting device of the present invention, an 
optical input terminal provided at an incident side of the 25 
photonic crystal of the light-beam deflecting device, 
through which the photonic crystal receives the light- 
beam, and a plurality of optical output terminals provid- 
ed at a side other than the incident side of the photonic 
crystal, from which the transmitted light beam is selec- 30 
tively output. 

[0069] An embodiment of the optical switch of the 
present invention is shown in FIG. 15. At an input side 
of the optical switch, there is a single optical input ter- 
minal 2 such as a rod lens for allowing a light beam pro- 35 
vided from an optical fiber 12 to be incident on a side of 
the photonic crystal, and at an output side of the optical 
switch, there are three optical output terminals 3a, 3b, 
3c such as rod lenses, each of which provides a trans- 
mitted light beam from the other side of the photonic *o 
crystal to a corresponding optical fiber 13a, 13b, 13c. 
The deflection controller 4 is disposed at top and bottom 
sides of the photonic crystals 1 . 
[0070] This optical switch can provide three different 
outputs from one incident light beam by controlling the 
photonic band structure of the photonic crystal 1 . That 
is, in the case of FIG. 1 5A, the transmitted light beam is 
output from the output terminal 3a to the corresponding 
optical fiber 13a, as shown by the arrow. Therefore, no 
transmitted light beam is output from the remaining out- so 
put terminals 3b, 3c. Similarly, in the case of FIG. 15B, 
the transmitted light beam is output from the output ter- 
minal 3c to the corresponding optical fiber 13c, as 
shown by the arrow. Therefore, no transmitted light 
beam is output from the remaining output terminals 3a, 55 
3b. Additionally, in the case of FIG. 15C, the transmitted 
light beam is output from the output terminal 3b to the 
corresponding optical fiber 13b, as shown by the arrow. 
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Therefore, no transmitted light beam is output from the 
remaining output terminals 3a, 3c. Thus, this optical 
switch has the capability of selectively providing three 
different output signals from one input signal. As a mod- 
ification of this embodiment, the number of optical out- 
put terminals may be two, or more than three. 
[0071] In the optical switch of the present invention, it 
becomes possible to switch among plural optical paths 
in the photonic crystal, each of which forms a different 
deflection angle with respect to the incident light beam. 
In comparison with a conventional optical switch using 
wave guides, it is possible to achieve downsizing of the 
optical switch, while providing a relatively large deflec- 
tion angle. In addition, there are advantages of prevent- 
ing cross talk of optical signals and ensuring a high 
transmitting efficiency. 

[0072] Another embodiment of the optical switch of 
the present invention is shown in FIG. 16. The optical 
switch of FIG. 1 5 uses a single photonic crystal, and se- 
lectively provides plural different output signals from one 
input signal. On the other hand, the optical switch of this 
embodiment uses a matrix arrangement of the photonic 
crystals and has the capability of selectively providing 
plural different output signals from plural input signals. 
[0073] That is, as shown in FIG. 16, this optical switch 
comprises a matrix arrangement of a plurality of light- 
beam deflecting devices of the present invention, optical 
input terminals provided at a side of the matrix arrange- 
ment to receive plural light beams from outside; and op- 
tical output terminals provided at the other side of the 
matrix arrangement. These photonic crystals 1 are 
formed in a single substrate 10'. In FIG. 16, the number 
of the photonic crystals 1 used in the matrix arrange- 
ment is 16 (=4x4), and 4 input terminals and 4 output 
terminals are provided on the respective sides of the 
matrix arrangement. The number of the photonic crys- 
tals 1, the number of the input terminals and/or the 
number of the output terminals can be appropriately de- 
termined. 

[0074] According to this optical switch, since the light 
beam incident on the photonic crystal of each of the 
light-beam deflecting devices in the matrix arrangement 
is controlled by the deflection controller of the present 
invention, it is possible to simultaneously provide differ- 
ent optical output signals by switching among a larger 
number of optical paths in the matrix arrangement. 
Moreover, in comparison with conventional optical 
switches using drive means for operating plural deflec- 
tion mirrors, it is possible to improve the reliability in 
switching operations. In addition, since a lot of photonic 
crystals 1 can be formed on a single substrate 10', it is 
possible to achieve considerable downsizing of the op- 
tical switch . 

[0075] As understood from the above preferred em- 
bodiments, since the deflection controller of the present 
invention can change the photonic band structure to de- 
flect a light beam (=incident light beam) incident on the 
photonic crystal, it is possible to provide a compact light- 



BNSDOCID: <EP 1243968A2J_> 



# 



17 



EP 1 243 968 A2 



18 



beam detecting device having the capability of output- 
ting a i* ■ emitted light beam which forms a relatively 
large sncs with respect to the incident light beam. In 
addition, since a plurality of optical paths are set against 
one incident light beam by using different deflection an- 
gles, it is possible to provide a new optical switch with 
the photonic crystal, which has the capability of prevent- 
ing cross talk of optical signals and ensuring a high 
transmitting efficiency. 

[0076] The features disclosed in the foregoing de- 
scription, in the claims and / or in the accompanying 
drawings may both, separately and in any combination 
thereof, be material for realising the invention in diverse 
forms thereof. 



6. The light-beam deflecting device as set forth in 
claim 1 , wherein said photonic crystal comprises a 
light-refractive material, and wherein said deflection 
controller irradiates light to said photonic crystal to 

5 change a refractive index of said photonic crystal. 

7. The light-beam deflecting device as set forth in 
claim 1 , wherein said deflection controller applies 
the energy to said photonic crystal to cause chang- 

10 es in dimension of said photonic crystal. 

8. The light-beam deflecting device as set forth in 
claim 7, wherein said deflection controller compris- 
es an external-force applying means for applying an 

15 external force as the energy to said photonic crystal. 



Claims 

1 . A light-beam deflecting device comprising: 

a photonic crystal (1) designed to have a pho- 
tonic band gap wavelength that is different from 
a wavelength of a light beam to be incident on 
said photonic crystal; and 
a deflection controller (4) for applying an 
amount of energy to said photonic crystal to de- 
flect a light beam (5) incident on an incident 
side of said photonic crystal, and provide a 
transmitted light beam, which forms a desired 



5. The light-beam deflecting device as set forth in 
claim 1 , wherein said photonic crystal comprises a 
semiconductor material, and wherein said deflec- 
tion controller injects carriers into said photonic 
crystal to change a refractive index of said photonic 
crystal. 



9. The light-beam deflecting device as set forth in 
claim 8, wherein said external-force applying 
means comprises a piezoelectric material (42, 47) 

20 disposed adjacent to said photonic crystal. 

10. The light-beam deflecting device as set forth in 
claim 8, wherein said external-force applying 
means comprises a pair of electromagnets (46a, 

25 46b) disposed at opposites sides of said photonic 
crystal, and wherein a mechanical stress is applied 
to said photonic crystal by an attraction force gen- 
erated between said electromagnets. 

11. The light-beam deflecting device as set forth in 
claim 8, wherein said external-force applying 
means comprises a material having a high thermal 
expansion coefficient disposed to make contact 
with said photonic crystal, and a heater for heating 
said material, and wherein the external force is ap- 
plied to said photonic crystal by the thermal expan- 
sion of said material heated by said heater. 

12. The light-beam deflecting device as set forth in 
claim 1 , wherein said deflection controller compris- 
es a heater (49) for heating said photonic crystal, 
and a heater controller for controlling a temperature 
of said photonic crystal to generate a thermal stress 
in said photonic crystal. 

13. The light-beam deflecting device as set forth in any 
one of claims 1 to 12, wherein said photonic crystal 
is shaped to provide at least two optical paths there- 
in, which have substantially a same linear distance 
between an incident position where said light beam 
is incident and a projecting position where said 
transmitted light beam is output. 

14. An optical switch using the light-beam deflecting de- 
55 vice set forth in any one of claims 1 to 13 compris- 
ing: 

an optical input terminal (2) provided at the in- 



angle with respect to said light beam, from a 30 
side other than said incident side of said phot- 
onic crystal. 

2. The light-beam deflecting device as set forth in 
claim 1 , wherein said photonic crystal comprises at 35 
least two materials having different refractive index- 
es, and wherein said deflection controller controls 
a ratio of refractive index between said materials by 
applying the energy to said photonic crystal. 

40 

3. The light-beam deflecting device as set forth in 
claim 2, wherein at least one of said materials is an 
electro-optic material, and wherein said deflection 
controller applies an electric field to said photonic 
crystal as the energy. 45 

4. The light-beam deflecting device as set forth in 
claim 2, wherein at least one of said materials is an 
acousto-optic material, and wherein said deflection 
controller applies ultrasonic waves to said photonic 50 
crystal as the energy. 
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cidenl side of said photonic crystal of the light- 
beam deflecting device, through which said 
photonic crystal receives said light-beam; and 
a plurality of optical output terminals (3a, 3b, 
3c) provided at the side other than said incident 5 
side of said photonic crystal, from which said 
transmitted light beam is selectively output. 

1 5. An optical switch using the light-beam deflecting de- 
vice set forth in any one of claims 1 to 1 3 compris- io 
ing: 

an optical input terminal (2) provided at the in- 
cident side of said photonic crystal, through 
which said photonic crystal receives said light *5 
beam; and 

at least two optical output terminals (3a, 3b, 3c) 
comprising a first optical output terminal (3a) 
provided at a side other than said incident side 
of said photonic crystal to output a first trans- 20 
mitted light beam passing through said photon- 
ic crystal, and a second optical output terminal 
(3b, 3c) provided at a side other than said inci- 
dent side of said photonic crystal to output a 
second transmitted light beam, which forms a 25 
desired angle with respect to said light beam, 
and has a different direction from said first 
transmitted light beam. 

16. An optical switch comprising: 30 

a matrix arrangement of a plurality of light- 
beam deflecting devices, each of which is set 
forth in any one of claims 1 to 13; 
optical input terminals provided at a side of said 35 
matrix arrangement to receive plural light 
beams from outside; and 
optical output terminals provided at the other 
side of said matrix arrangement. 

40 

17. A method of deflecting a light beam with a photonic 
crystal, said method comprising the steps of: 

providing a light beam having a wavelength oth- 
er than a photonic band gap wavelength of said *s 
photonic crystal on a side of said photonic crys- 
tal; and 

deflecting said light beam incident on the side 
of said photonic crystal by applying an amount 
of energy to said photonic crystal to provide a so 
transmitted light beam, which forms a desired 
angle with respect to said light beam, from the 
other side of said photonic crystal. 
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